than 500 cases have been registered or otherwise described. Pachyonychia congenita manifests as nail dystrophy, painful focal palmoplantar keratoderma, follicular keratoses, mucosal leukokeratoses, hoarse voice, cystic lesions, and, rarely, natal teeth. 2, 3 Underlying keratin gene mutations have been described in the 5 keratin genes, KRT6A (OMIM 148041), KRT6B (OMIM 148042), KRT6C (OMIM 612315), KRT16 (OMIM 148067), and KRT17 (OMIM 148069), which alter keratins 6a, 6b, 6c, 16, and 17, respectively. [4] [5] [6] [7] [8] [9] These genes are expressed in the nail bed, palmoplantar epidermis, and mucosa. Keratins play a key role in epidermal cell integrity and mechanical strength. Mutations in these 5 keratin genes cause epidermolysis and compensatory hyperkeratosis at these sites. Historically, 2 major subtypes were based on clinical characteristics. The Jadassohn-Lewandowsky PC type 1 (PC-1) often showed associated oral leukokeratoses, 1 and the Jackson-Lawler PC type 2 (PC-2) often showed cysts and occasionally natal teeth. 3, 10 Pachyonychia congenita type 1 was originally linked to mutations in the type II keratin gene KRT6A and its type I expression partner KRT16 and PC-2 with mutations in KRT6B and KRT17. 3, 4, 6, 8, 11 Pachyonychia congenita has been genotyped at no cost in individuals who enroll in an international registry, enabling comprehensive genotype-phenotype analysis. [12] [13] [14] [15] [16] Phenotypic overlap among PC genotypes has now made obsolete the designations of PC-1 and PC-2. Instead, a new classification based on mutations in the keratin-encoding genes KRT6A, KRT6B, KRT6C, KRT16, and KRT17 divides PC into subtypes PC-K6a, PC-K6b, PC-K6c, PC-K16, and PC-K17, respectively. 16 Features of PC usually manifest during the first 3 years of life, 12 allowing the diagnosis to be considered. However, little attention has been paid to the disease course, early diagnostic features, and effect on quality of life of PC in children. To facilitate early diagnosis and increase our understanding about the impact of PC in children, affected families and patients were polled about pediatric-specific issues.
Methods
Two questionnaires were administered to families participating in the International Pachyonychia Congenita Research Registry (IPCRR) through the Pachyonychia Congenita Project (www.pachyonychia.org). The study and questionnaires were approved by Western Institutional Review Board (WIRB Study number 1057496; protocol number 20040468). The first questionnaire asked general questions about PC features, their effect on daily life, and interventions after registry enrollment 12 (Supplement [eAppendix] ). The diagnosis of PC was confirmed by dermatologists from the Pachyonychia Congenita Project medical and scientific advisory board through assessing family-provided questionnaire data, photographs of skin and nail changes, and a 1-hour patient/family telephone consultation.
An auxiliary 48-question survey (approved by the IRB at Ann and Robert H. Lurie Children's Hospital of Chicago) was sent by the Pachyonychia Congenita Project to 254 registry families with genotype-confirmed PC (Supplement [Appendix]) and addressed pediatric-specific issues, early signs, and the natural history of PC. Parents completed the survey for preteenaged patients with input from children as appropriate; patients of all ages were encouraged to consult with their parents to answer questions related to the disorder early in life. Informed consent was obtained from all participants. The results of both questionnaires were sent to the Pachyonychia Congenita Project, which sorted data by keratin mutation and provided de-identified data for compilation and statistical analysis at Northwestern University. We performed Fisher exact testing to determine statistical significance (defined as P < .05) in comparing clinical features with underlying keratin gene mutations. All statistical analyses were performed with commercially available software (SPSS, version 15.0 [SPSS Inc], and Stata, version 10.0 [StataCorp]). Because PC-K6c was first termed PC after the auxiliary questionnaire was introduced (2012), only data from the first questionnaire were available from patients with this subtype. Given its mild clinical features, PC-K6c was excluded in statistical analyses to distinguish among PC subtypes. Data from individuals with mutations in the GJB6 gene (OMIM 604418), also known as connexin 30, were derived from the original questionnaire.
Results
Of 254 patients enrolled in the IPCRR who completed the original questionnaire and had genetically confirmed PC, 101 responded to the addendum questionnaire (response rate, 39.8%). The demographic features of these 101 PC patients and the 8 PC-K6c patients who responded to the original questionnaire are described in Table 1 . Of the returned questionnaires, 78.0% were completed by adult patients who were able to report the onset of features and impact of PC throughout the first 18 years of life, whereas 22.0% of the returned questionnaires reflected the experience to date of affected individuals currently in their first 2 decades of life. Among the respondents, 42.2% had mutations in KRT6A (PC-K6a), and an additional 28.4% had mutations in KRT16 (PC-K16). Almost 60% in the registry had a family history of PC, reflecting the high rate of spontaneous mutation in keratin genes. The diagnosis of PC by a physician was made before 1 year of age in 27 patients (26.7%, of whom 12 [44.4%] had a known family history) despite the presence of toenail and fingernail dystrophy in approximately 60% of the affected infants (see below). By 5 years of age, the correct diagnosis was made in 43 patients (42.6%, of whom 18 [41.9%] had a known family history) despite toenail dystrophy in 81% (82 of 101), fingernail dystrophy in 74% (75 of 101), and plantar keratoderma in 75% (76 of 101).
Toenail Dystrophy
The earliest and most common clinical characteristic of PC was toenail dystrophy ( Figure 1A) , noted to involve at least 2 digits in 98.2% of patients by the time of reporting; the only ex-ception was absence of toenail dystrophy in 2 of the 8 PC-K6c patients (25.0%) ( Table 1) . Of the patients with toenail involvement, all 10 toenails were affected in 74.3%, 98.0% had involvement of toenails of the fifth digit, and 98.0% had changes of the hallucal nails by the time of reporting. Toenail abnormalities were present at birth in 39.0% of respondents overall, although they appeared most often in neonates with PCK6a and PC-K17 (P < .001) (Supplement [eFigure, A]). By 1 and 5 years of age, nail dystrophy was noted in 65.3% and 80.2% of all respondents, respectively. By 5 years of age, all 46 children with PC-K6a, the most common subset, showed toenail changes. In contrast, toenail changes did not appear in children with PC-K6b until at least 1 year of age and progressively increased in occurrence thereafter. In 99.0% of patients with toenail dystrophy, more than 1 nail became dystrophic concurrently, and 70.3% had all 10 nails become dystrophic at the same time; patients with PC-K6a were more likely to have all 10 toenails affected at onset than were patients with PC-K16 or PC-K6b (P < .001). The hallucal nail was the most common of the toenails to first become affected (89.1% of PC patients with toenail dystrophy). The most common initial toenail change was thickening (77.2% of all patients), and 65.3% also showed toenail discoloration at onset. Toenail thickening progressed throughout the first decade of life in most of the patients. The nail dystrophy occurred before 6 years of age in 5 of the 6 PC-K6c patients with this feature (83.3%), but the dystrophy was mild, affecting only 1 toenail bilaterally (usually the fifth toenail) or, in 1 case, multiple toenails unilaterally. The 2 PC-K6c patients without nail involvement were adults.
Fingernail changes occurred overall in 76.1% of patients and, as with toenail changes, were most severe in PC-K6a. Overall, 40.6% of patients had fingernail changes at birth. Finger- patients with fingernail dystrophy, regardless of PC subtype, had toenail involvement. However, patients with PC-K6a and PC-K17 were more likely to develop dystrophy of their fingernails and toenails concurrently, whereas patients with PCK6b and PC-K16 were more likely than other subtypes to develop toenail dystrophy first (P < .001).
The toenails and fingernail dystrophy varied in appearance from thickened, shortened, friable nails to nails with marked subungual thickening and a typical pinched, Vshaped curvature ( Figure 1A and B). We found no correlation between the appearance of the nails and the PC subtype.
Periungual infections occurred in 76.6% of PC patients overall but more often in those with PC-K6a (43 of 46 [93.5%]) than those with other subtypes (P < .05). Most patients with A. Subungual hyperkeratosis and V-shaped thickening of the toenails in a toddler with a KRT17 M88K mutation. B. Discolored and thickened distal aspect of all fingernails owing to a KRT16 R127P mutation. C, Severe plantar keratoderma in a child with a KRT16 S130del mutation. D, Mild plantar keratoderma in a child with a KRT6C E472K mutation. E, Oral leukokeratosis of the tongue in an infant with a KRT6A L468P mutation. Leukokeratosis was misdiagnosed initially as a candidal infection. F, Oral leukokeratoses of the tongue in an adolescent with a KRT6A N172del mutation. G, Follicular keratoses on the knee owing to a KRT6A N172del mutation.
Painful Plantar Keratoderma
The feature of PC that has the most profound effect on quality of life is painful plantar keratoderma ( Figure 1C and D , D] ). Palmar keratoderma was more often reported in PC-K16 than in any other subtype (67.7%; P < .05) and was often complicated by painful erosions, bullae, or fissures of the palms, usually before 5 years of age.
Other Clinical Manifestations
Although PC-K6b and PC-K6c were often distinguishable from other forms because of their more limited manifestations, features other than nail dystrophy and keratoderma were helpful in differentiating among the PC-K6a, PC-16, and PC-17 subtypes in children. In particular, oral leukoplasia, cysts, and keratoses varied by PC subtype.
Oral Leukokeratoses
The oral leukokeratoses occurred in 70.3% of PC patients and were more strongly associated with PC-K6a than with any other subtype (P < .001). Of those affected, the median age at onset was 3 weeks, and 26 of 71 (36.6%) experienced a first occurrence during the first year of life. Oral leukokeratoses were often mistaken for thrush ( Figure 1E ) but failed to respond to anticandidal therapy. Oral leukokeratoses were most commonly noted on the tongue ( Figure 1E and F) (68 of 71 [95.8%]). Hoarseness was noted in 12.9% of patients overall, and PCK6a patients were more likely to develop hoarseness than PCK6b and PC-K16 patients (P < .05) but not PC-K17 patients. The onset of hoarseness was variable but always present before 3 years of age in the affected patients. Of the PC patients who developed hoarseness, 16 (93.3%) concurrently showed oral leukokeratoses. Natal teeth virtually clinched the diagnosis of PC-K17 (86.0% [P < .001]) but were noted in 2 of 46 infants (4.3%) of infants with PC-K6a. The teeth were described as soft or crumbly and were rapidly lost or were described as normal in appearance and persistent until the deciduous teeth erupted.
Cysts
Cysts were noted overall in 69.3% of patients with PC. Most patients who developed cysts had PC-K6a, PC-K6b, or PC-K17, without a statistically significant difference in the risk for developing cysts among these subgroups. Patients with the PC-K16 subtype were the least likely to develop cysts (P < .05), and cysts did not develop in PC-K6c patients. The onset of cysts occurred most often from 6 to 10 (31.6%) and 11 to 20 (36.8%) years of age. Patients primarily treated their cysts by lancing them (37 of 54 [68.5%]) or applying topical antibiotic ointment (26 of 54 [48.1%]).
Follicular Hyperkeratoses and Hyperhidrosis
Follicular hyperkeratoses were described in more than half of the PC patients, although only in 26 (25.7%) by preschool age ( Figure 1G ). They occurred most often in PC-K6a (80.4%) and PC-K6b (42.9%) and least commonly in PC-K16 (12.9%; P < .001 compared with PC-K6a). In patients with PC-K6a, 14 of 37 (37.8%) developed cysts at 1 to 5 years of age and 23 of 37 (62.1%) showed follicular hyperkeratoses by the second decade of life (Supplement [eFigure, E]). Only 1 PC-K16 patient developed follicular hyperkeratoses during childhood, and 27 of 31 patients with PC-K16 (87.1%) never developed follicular hyperkeratoses by the time of reporting. Hyperhidrosis was described in 51.5% of respondents of all ages, but in only 5 of 22 children (22.7%). Alopecia was not an issue in children with PC in the first decade of life, and its association with PC is questionable. In the original survey of 254 PC patients, 15 patients ranging in age from 15 to 81 years had hair loss. Of these patients, 10 were male and most had no other hair abnormality, raising the question of androgenic alopecia as the cause. All but 1 of these individuals had PC-K6a or PC-K16.
Effect on Quality of Life in Adolescents
Plantar keratoderma in PC was characteristically painful by the second decade of life and led to the greatest effect on quality of life. More than 50% of children found that the plantar keratoderma affected walking and playtime; however, less than half of patients also found impedance with crawling, schoolwork, and chores (Figure 2A) . The effect on function more often began after 5 years of age, peaked during adolescence, and occurred most often with PC-K6a. Pachyonychia congenita affected the social life of virtually all patients of school age or older. Most experienced limitations related to wearing clothes and playing sports (Figure 2A ), experienced teasing, and were embarrassed by their nails, especially during adolescence ( Figure 2B and 
PC-Like Early Nail Dystrophy and Connexin 30 Mutations
Only patients with gene-confirmed PC subsets completed the pediatric-specific questionnaire. However, among patients in the original registry questionnaire, 7 with nail dystrophy and clinically presumed PC had mutations in the connexin 30 gene (GJB6) ( Table 3) . Of these, 5 (71.4%) had abnormalities of the toenails and fingernails at birth, with the other 2 developing dystrophy of the fingernails and toenails concurrently at 2 and 4 years of age. Two additional features found commonly with connexin 30 mutations, but not PC, were hearing loss and alopecic patches or sparseness, with hair that was described as thin and sometimes brittle.
Discussion
Pachyonychia congenita constitutes a group of primarily autosomal dominant inherited disorders caused by mutations in paired keratins. Genotyping has been provided since 2004 as a service for families enrolled in the IPCRR and has yielded a wealth of information about PC characteristics and genotype- phenotype correlations. By pooling data collected through the IPCRR questionnaire and an auxiliary questionnaire, we were able to address the early features of PC in an effort to aid early diagnosis and bring attention to the profound effect this genodermatosis has on the quality of life of affected children and adolescents. Our data confirm the frequent misdiagnosis of PC in pediatric patients, showing that most children manifest the key features in the first year of life, but the diagnosis is made in only about 25%. This delay in diagnosis may lead to inappropriate management (eg, topical or oral antifungals for presumed fungal infection, potent topical corticosteroids for presumed psoriasis) or incorrect information about prognosis and inheritance (eg, mistaking hidrotic ectodermal dysplasia with connexin 30 mutations for PC). The unifying feature of PC is nail dystrophy, 17 although the clinical appearance of nails can be variable, even within families, and does not always show the classic V-shaped thickening. During the first year of life, dystrophy of the fingernails and toenails occurs in most of the affected infants, providing an initial clue. By 5 years of age, plantar keratoderma is seen in 75.3% of children in addition to the nail dystrophy and is often painful. Thus, the diagnosis of PC should easily be suspected before kindergarten. Although genotyping should be performed through the registry to subclassify the disease, the combination of data about age at onset, concurrent dystrophy of fingernails and toenails, palmar keratoderma, and the presence of oral leukokeratosis and/or hoarseness, cysts, follicular keratoses, and natal teeth helps the practitioner to suspect a specific PC subtype and counsel families, even before genotyping is completed. For example, the presence of nail dystrophy at birth, especially involving all nails, predicts PC-K6a or PC-K17 (P < .001); the concomitant development of oral leukokeratosis and often hoarseness during the first year of life suggest the diagnosis of PC-K6a (P < .001); and the concurrence of natal teeth indicates PC-K17 (P < .001). In contrast, the development during childhood of palmar keratoderma, especially with later onset of other features, may signal PC-K16. The presence of an isolated dystrophic fingernail or toenail is quite uncommon in PC (77 patients with fingernail involvement overall and 6 [5.5%] with only 1 fingernail involved; 106 with toenail involvement and 1 with only 1 toenail involved [0.9%]); the exception is PC-K6c, in which localized nail involvement is common. 18, 19 These features, although helping to differentiate among the PC subtypes, also allow us to reject the old classifications of PC-1 and PC-2 in pediatric PC. For example, cysts and natal teeth are most common in PC-K17 (formerly classified as PC-2) but were both described in individuals with PC-K6a (formerly PC-1) in our pediatric cohort and other published series. 12, 13 Hair disorders, at one time attributed to PC-2 KRT6B
and KRT17 mutations, do not seem to be associated with autosomal dominant PC more often than in the general population. Alopecia has recently been described in association with severe PC manifestations in a patient with homozygous dominant missense mutations (from each affected parent) in keratin 17. 20 These data support restructuring of the classification of PC from 2 different subtypes to a system that categorizes the disease based on specific keratin mutations. 12, 16, 21 As a keratinopathy, PC is associated with increased cellular fragility and compensatory epidermal thickening at the sites of gene expression (particularly plantar keratoderma and nail dystrophy). The greater dystrophy of toenails vs fingernails and of the hallucal and fifth toenails likely reflect the propensity toward more pathological features with trauma. Natal teeth, which occurred in 13.9% of patients with PC overall and 86% of patients with PC-K17, have similarly been described in epidermolysis bullosa simplex, which results from mutations in keratins 5 or 14. 22 The role of keratin abnormalities in tooth formation is poorly understood. The genetic disorder that is most commonly confused with PC is hidrotic ectodermal dysplasia (Clouston syndrome), which results from mutations in connexin 30. Five of the 7 individuals from 2 families with Clouston syndrome who were enrolled in the PC registry for genotyping also showed multiple toenails and fingernails affected at birth, and several individuals developed painful plantar keratoderma. However, the presence in hidrotic ectodermal dysplasia of hearing loss (a common feature of connexin gene defects) and thin, sparse hair during childhood is not typical of PC. Another genetic disorder with which PC could be confused results from mutation of FZD6. The FZD6 gene encodes frizzled 6, a Wntsignaling pathway receptor that is localized to the nail matrix; autosomal recessive mutations in FZD6 lead to hypertrophic nail dystrophy from birth without plantar or palmar keratoderma. 23, 24 Our study emphasizes the negative effect of the nail and skin changes of PC in preteenaged and adolescent patients. Most patients reported embarrassment, teasing, an effect on dating, and limitations in participation in physical activities with classmates. Early diagnosis and discussion allow proactive management of psychosocial issues, including how a child can comfortably inform peers about the disorder or how a teenager can improve the appearance of nails and keratoderma, thus improving patient coping.
This study was limited by its retrospective nature, leading to the risk of recall bias, particularly when inquiring about disease characteristics at onset during the pediatric years given that most of the patients were well into their adult years when they responded to the questionnaire. Nevertheless, the data in this registry database show that PC can be diagnosed during early childhood based on the constellation of clinical features and genotyping. Genotyping is currently performed at no cost on a research basis (ie, not by a Clinical Laboratory Improvement Amendment-approved laboratory) by registering with the IPCRR (www.pachyonychia.org). The many genotypephenotype and subtype-phenotype correlations allow for early classification, prediction of clinical features and their age at onset, and optimal management.
